Osteoporosis is a common and debilitating bone disease that is characterised by low bone mineral density, typically assessed using dual-energy X-ray absorptiometry. Quantitative ultrasound (QUS), commonly utilising the two parameters velocity of sound (VOS) and broadband ultrasound attenuation (BUA), is an alternative technology used to assess bone properties at peripheral skeletal sites. The genetic influence on the bone qualities assessed by QUS remains an under-studied area. We performed a comprehensive genome-wide association study (GWAS) including low-frequency variants (minor allele frequency !0.005) for BUA and VOS using a discovery population of individuals with whole-genome sequence (WGS) data from the UK10K project (n ¼ 1268). These results were then meta-analysed with those from two deeply imputed GWAS replication cohorts (n ¼ 1610 and 13 749). In the gender-combined analysis, we identified eight loci associated with BUA and five with VOS at the genome-wide significance level, including three novel loci for BUA at 8p23.1 (PPP1R3B), 11q23.1 (LOC387810) and 22q11.21 (SEPT5) (P ¼ 2.4 Â 10 À8 to 1.6 Â 10
Introduction
Osteoporosis is a common and debilitating bone disease that is characterised by a low bone mineral density (BMD) and deterioration of the bone micro-architecture, which leads to an increased risk of fracture (1) . The disease is particularly prevalent in postmenopausal women due to a reduction in oestrogen production, with subsequent effects on bone as well as intestinal and renal calcium handling (2, 3) . Excess mortality caused by osteoporotic fracture in women has been estimated 1-year post fracture at 9% and 5-years post fracture at 24% (4) . In addition to the effects of oestrogen, calcium and other environmental factors on bone structure, there is a strong genetic effect on peak bone mass (attained in early adult life), bone loss and fracture rates (5, 6) . Individuals with an affected first-degree relative have a considerably elevated estimated familial relative risk of fragility fracture of 1.31-4.24 (7, 8) .
Dual-energy X-ray absorptiometry (DXA) is the most commonly used method for measurement of BMD in vivo and diagnosis of osteoporosis. This involves measuring the attenuation of a photon beam by hydroxyapatite, the primary mineral in bone. However, quantitative ultrasound (QUS) is an alternative technology that is used to assess bone properties at peripheral skeletal sites. It has the advantages of being more portable and less expensive than DXA without the use of ionising radiation. Characterisation of bone tissue using QUS commonly utilises the two parameters broadband ultrasound attenuation (BUA) and velocity of sound (VOS). QUS is capable of assessing aspects of the number and principal structural orientation of trabecular elements in bone, which is highly correlated with the mechanical strength of trabecular bone (9) . For BUA this is well illustrated by anisotropy (the property of being directionally dependent), wherein the BUA determination is sensitive to the mechanical properties of trabecular bone and the measurement varies according to the orientation; and therefore provides a comprehensive integration of bone 'quality' and 'quantity'. VOS refers to the division of transmission time of the sound waves by the length of the body part studied (10) and is thought to provide an integrated assessment of BMD and the elasticity of the bone (11) . Studies in cadavers have further confirmed that QUS parameters are significantly correlated with both BMD and micro-architectural parameters of the bone (12) . Assessment of bone properties at the calcaneus using QUS has been shown to be a comparable predictor of fracture risk when compared with DXA BMD (13, 14) and appears to do so independently (13) (14) (15) . This suggests that while both techniques assess bone mass, they also capture different properties of the bone tissue to some extent. Heritability estimates for BUA and VOS range from 0.52 to 0.74 and 0.19 to 0.61, respectively (16) (17) (18) (19) (20) .
There have been many previous genome-wide association studies (GWAS) for bone phenotypes, with the vast majority of these focused on DXA BMD measured at the lumbar spine, femoral neck, total hip and forearm sites. Estrada et al. (21) published the results from a large GWAS meta-analysis for BMD conducted in 32 961 individuals, with replication studies in a further 50 933 subjects. They identified 56 BMD loci (32 novel), of which 14 were also associated with fracture risk. A similarly powered recent GWAS meta-analysis including low-frequency and rare variants published by Zheng et al. (22) identified a novel BMD locus, EN1, containing multiple low-frequency variants with large effect sizes. In total, at least 76 loci have been reported as associated with BMD and QUS parameters at a high level of confidence [National Human Genome Research Institute GWAS Catalogue (23) ]. However, the genetic influence on the bone qualities assessed by QUS remains under-studied as a proportion of these. Moayyeri et al. (24) reported a GWAS metaanalysis that successfully identified nine genetic loci associated with QUS parameters at the genome-wide significance level. That study utilised genotype data imputed using the HapMap Phase II reference panel ($2.5 million variants) (24); however, this marker coverage is relatively low compared with state-ofthe-art protocols such as imputation using the 1000 Genomes Project (1000GP) reference panels which include >4-fold more variants. Therefore, we decided to perform a comprehensive GWAS for the QUS phenotypes BUA and VOS, spanning the allelic frequency spectrum and including low-frequency variants [minor allele frequency (MAF) !0.005]. For this we used a discovery population comprised of a subset of individuals with wholegenome sequence (WGS) data from the UK10K project (TwinsUK WGS cohort n ¼ 1268), with subsequent analyses in two deeply imputed GWAS replication cohorts (TwinsUK GWAS cohort n ¼ 1610 and European Prospective Investigation into Cancer and Nutrition study (EPIC) cohort n ¼ 13 749), and finally with the results meta-analysed in a combined total of 16 627 individuals.
Results
Descriptive statistics for the three cohorts are presented in Supplementary Material, Table S1 . Analysis of the phenotype data in the TwinsUK WGS discovery cohort demonstrated a degree of correlation between BUA and VOS (q ¼ 0.52). Quantilequantile plots generated for the gender-combined and genderstratified meta-analyses are shown in Supplementary Material, Figure S1 (all k values <1.05). A total of 9 844 025 variants with an MAF !0.005 were analysed in the TwinsUK WGS discovery cohort (Supplementary Material, Table S1 ). Nineteen variants from the WNT16 gene region on chromosome 7q31.31 demonstrated genome-wide significant associations (P < 5.0 Â 10
À8
) with BUA in this cohort (P ¼ 4.9 Â 10 À8 to 3.0 Â 10
À9
, Supplementary Material, Table S2 ). We analysed these 19 variants in the combined replication cohorts and found them all to be associated with BUA at P 3.0 Â 10 Table S2 ). For VOS, no genome-wide significant associations were seen in the discovery cohort. We then meta-analysed the results from all three cohorts for BUA and VOS in order to fully exploit the discovery potential of the study (see Fig. 1 for description of study design).
Gender-combined meta-analyses
A total of 11 973 598 variants with an MAF !0.005 were included in the meta-analysis of all three cohorts. We identified eight genetic loci associated with QUS parameters at the genome-wide significance level in the gender-combined meta-analysis. Five of these loci were significant in both the BUA and VOS analyses and all have a known role in bone biology: 2p16.2 (SPTBN1), 6q22.33 (RSPO3), 6q25.1 (CCDC170/ESR1), 7q31.31 (WNT16) and 11q14.2 (TMEM135) (P ¼ 2.0 Â 10 À8 to 1.2 Â 10
À51
, Fig. 2A and B; Table 1 ). Three novel loci were identified for BUA in this analysis, including 8p23.1 (PPP1R3B), 11q23.1 (LOC387810) and 22q11.21 (SEPT5) (P ¼ 2.4 Â 10 À8 to 1.6 Â 10
À9
, Figs 2A and 3; Table 1 ). Analysis of the genome-wide significant variants for BUA and VOS suggested that 3.8% (95% CI: 2.9-4.7%) and 2.9% (95% CI: 2.1-3.8%) of the phenotype variance was attributable to these variants respectively. Using the less stringent genomewide suggestive association threshold of P < 5.0 Â 10
À7
, a further seven loci were found to be associated with BUA and/or VOS (P ¼ 3.9 Â 10 À7 to 8.2 Â 10 À8 , Supplementary Material, Table S3 ).
Gender-stratified analyses
Females. A total of 10 032 individuals were included in the female-specific meta-analysis of the 3 cohorts. Four genetic loci were found to be associated with QUS parameters at the genome-wide significance level, including 2p16. Table 2 ). Of these, the findings at 11q23.1 (LOC387810) for BUA are novel and were also seen in the gender-combined analysis for this phenotype. An additional seven loci were associated with BUA or VOS at the suggestive level (P ¼ 4.3 Â 10 À7 to 1.6 Â 10 À7 , Supplementary Material, Table S4 ).
Males. The TwinsUK WGS discovery cohort is entirely female, so the male-specific meta-analysis only included individuals from the TwinsUK GWAS and EPIC replication cohorts (combined total 6411 individuals). The two loci 6q25.1 (CCDC170/ESR1) and 7q31.31 (WNT16) were identified as associated with both BUA and VOS at the genome-wide significance level in this analysis (P ¼ 3.0 Â 10 À8 to 3.7 Â 10
À27
, Fig. 2C and D; Table 2 ), with an additional 11 loci associated with BUA or VOS at the suggestive level (P ¼ 4.8 Â 10 À7 to 1.2 Â 10
À7
, Supplementary Material, Table S4 ).
Conditional analyses
Conditional analyses were performed on the gender-combined datasets in an effort to identify any independent association signals arising from the genome-wide significant loci. After inspection of the linkage disequilibrium (LD) structure within each locus, conditional analyses were performed on the 6q25.1 (CCDC170/ESR1), 7q31.31 (WNT16) and 11q14.2 (TMEM135) loci.
After conditioning the data on the lead variant from each locus, no secondary signals were identified at P < 5 Â 10 À8 . However, after conditioning on the variants rs1891002 for BUA and rs4869739 for VOS at the 6q25.1 (CCDC170/ESR1) locus, suggestive secondary signals were identified led by rs1038304 (BUA, P ¼ 1.0 Â 10
À7
) and rs851984 (VOS, P ¼ 7.9 Â 10 À8 ).
Fracture analysis
We analysed the lead variant from each significant locus in the gender-combined analysis for association with fracture rate. The variant pairs rs4869739/rs1891002 (6q25.1) and rs597319/ rs511755 (11q14.2) are in strong LD (r 2 ¼ 0.99 and 0.94, respectively), so only one variant from each pair was taken forward for analysis. Of the eight variants tested, rs7741021 (RSPO3) and rs2908007 (WNT16) were found to be significantly associated with fracture rate after correction for multiple testing (P < 0.006, Table 3 ). For rs7741021, each copy of the C allele was associated with þ0.08 standard deviation for both BUA and VOS, and a 9% reduction in the odds of sustaining a fracture. Each copy of the G allele at rs2908007 was associated with þ0.17 standard deviation for both BUA and VOS, and an 8% reduction in fracture odds. Another two variants, rs4869739 (CCDC170/ESR1) and rs597319 (TMEM135), were found to be nominally associated with fracture rate (P < 0.05, Table 3 ). In both of these cases, the allele associated with a reduced QUS measurement was associated with an increased fracture rate.
Bioinformatics analysis
We performed a bioinformatics analysis for the three novel association signals identified for BUA in the gender-combined analysis. rs367543 (8p23.1). This variant is in strong LD (r 2 ! 0.8) with three other variants (Supplementary Material, Table S5 ). All four variants in this LD block are associated with expression of multiple transcripts from the region including PPP1R3B, ERI1, MFHAS1, SGK223, FAM86B3P, RP11-62H7.2, CTA-398F10.2 and RP11-10A14.5 (P ¼ 3.8 Â 10 À5 to 5.5 Â 10
À22
) (25) (26) (27) . rs7952251 (11q23.1). There are eight variants in strong LD with rs7952251 (Supplementary Material, Table S5 ), seven of which are associated with the expression of the GENCODE transcript RP11-356J5.12 (P ¼ 6 Â 10 À6 to 1.5 Â 10 À6 ). The variant rs7109000 presents strongly as potentially having a regulatory role, residing within an enhancer histone mark in 13 tissues and a DNAse hypersensitivity site in 19 tissues. 
Gene-Based Association Testing
Gender-combined analysis
Gene-based (650 kb) tests of association were performed on the GWAS results for BUA and VOS using the VErsatile Gene-based Association Study 2 (VEGAS2) software (28), with the results from all three cohorts meta-analysed. Ten gene regions were identified as associated with QUS parameters at the genomewide significance level in the gender-combined analysis (gene-based P < 1.95 Â 10 À6 , 
Gender-stratified analysis
The female-specific analysis identified four gene regions as associated with BUA and/or VOS at the genome-wide significance level ( Table 4 ). All of these associations are with genes located in known loci and include WNT16 (7q31.31, BUA and VOS), FAM3C (7q31.31, BUA and VOS), CPED1 (7q31.31, BUA and VOS) and WDR88 (19q13.11, VOS). Only subjects from the TwinsUK GWAS and EPIC replication cohorts were included in the malespecific analysis, which generated genome-wide significant results for five genes: CCDC170 (6q25.1, BUA), WNT16 (7q31.31, VOS), FAM3C (7q31.31, BUA and VOS), CPED1 (7q31.31, VOS) and DEFB103B (8p23.1, BUA). Of these, the finding at DEFB103B for BUA is novel.
Gene-based fracture analysis
The 10 gene-regions identified as associated with QUS parameters at the genome-wide level in the gender-combined analysis were tested for association with fracture rate using the VEGAS2 software, with the results from the three cohorts metaanalysed. Using a multiple-testing corrected significance threshold of P < 0.005, none of the gene regions were found to be associated with fracture rate. However, nominally significant associations were observed for the RSPO3, CCDC170 and WNT16 gene regions (P ¼ 0.009, 0.02 and 0.01, respectively).
Discussion
We have identified three novel loci as associated with the QUS parameter BUA at the genome-wide significance level in the single-point gender-combined meta-analysis. The first of these, located at 8p23.1 and represented by the intergenic variant rs367543, is located in close proximity to the protein phosphatase 1 regulatory subunit 3B (PPP1R3B) gene and a long non-coding RNA (LOC101929128). We assessed this variant in the recently released publicly available GEnetic Factors for OSteoporosis (GEFOS) Consortium datasets (2015 release) (22) , which contain GWAS meta-analysis results for three DXA BMD phenotypes in $32 965 individuals, and observed nominal evidence of association of the C allele with a reduced femoral neck BMD (P ¼ 0.048), consistent with our findings. Our bioinformatics analysis revealed that rs367543 is part of an LD block that is associated with expression levels of several nearby transcripts in multiple tissue types. None of these genes are presently known to have a role in bone biology, however the PPP1R3B gene encodes the regulatory subunit of protein phosphatase 1 and has a role in regulating glycogen synthesis in liver and skeletal muscle tissue (29) . Multiple GWAS have identified variants in the PPP1R3B gene region as associated with circulating lipid levels (30, 31) and hepatic steatosis (32) . Ppp1r3b-null mice display increased glucose tolerance, while prolonged fasting causes them to lose more body weight and display decreased blood glucose levels when compared with wild-type littermates (33) . There is evidence to suggest a relationship between blood lipids and BMD (34, 35) , and it has been suggested that a shared genetic link exists between high density lipoprotein cholesterol and BMD (36) . It is possible that the PPP1R3B locus has pleiotropic effects on blood lipids and bone metabolism. The second novel locus we identified for BUA was at 11q23.1 and led by the intergenic variant rs7952251. Our bioinformatics analysis suggested that this variant is associated with the expression of the long non-coding RNA RP11-356J5.12 (LOC283140) [P ¼ 1.9 Â 10 À6 to 1.5 Â 10 À6 (25)]. We also found supporting evidence of a role for this variant in bone from the GEFOS consortium datasets, where the G allele was associated with an increased lumbar spine and femoral neck BMD (P ¼ 3.7 Â 10
À4
and 0.004, respectively), which is consistent with the allelic effect observed in this study. Of the genes located in the region, there are two that stand out as having an established role in bone biology: IL18 and NCAM1. The interleukin 18 (IL18) gene is located $400 kb upstream of rs7952251 and encodes a proinflammatory cytokine that may have a role in inhibiting osteoclast differentiation. Il18-transgenic mice present with deformed cortical bone and a decreased turnover rate of lumbar trabecular bone (37), while murine osteoblasts stimulated with IL18 demonstrate increased expression of osteoprotegerin (38), a negative regulator of osteoclastogenesis. We also found this gene to be expressed at a relatively high level in both our human osteoblast and osteoclast microarray gene expression datasets described previously (39) . The neural cell adhesion molecule 1 (NCAM1) gene is located $400 kb downstream of rs7952251 and encodes a cell adhesion protein which is a member of the immunoglobulin superfamily. NCAM1 has been identified as strongly expressed by human osteoblasts in vivo, and strong expression of NCAM1 by myeloma cells has been found to be significantly correlated with the presence of lytic bone lesions (40) . The third novel locus for BUA was identified at 22q11.21, with rs202240051 being the maximally associated variant in the region. This variant is in complete LD with rs9606139, which presents strongly as a potential regulatory variant and is (42) (43) (44) . Studies in mice have also shown that ablation of Tbx1 in osteoprogenitor cells impairs bone development and subsequent bone ossification (44) . It is possible that variation at rs202240051/rs9606139 influences bone structure through regulatory effects on TBX1.
In the gene-based association testing we identified novel associations for BUA in the gender-combined and male-specific analyses for the FAM167A and DEFB103B genes respectively. Both of these genes are located in the 8p23.1 chromosomal region, which also contains rs367543 (PPP1R3B). The FAM167A gene is located $2.2 Mb downstream of this locus, with a degree of LD existing between rs367543 and the maximally associated variant in the FAM167A gene region, rs4841541 (r 2 ¼ 0.19). The function of the FAM167A gene has not yet been fully elucidated. It is possible that the association seen with this gene is due to regulatory effects on this or nearby genes, some of which have a role in bone and include GATA binding protein 4 (GATA4), which may have a role in bone mineralisation (45) , and cathepsin B (CTSB), which appears to have a role in osteoblasts (46) . The defensin beta 103B (DEFB103B) gene is located $1.3Mb upstream of rs367543, and the lead variant here, rs143084514, is in linkage equilibrium with rs367543, suggesting independent association signals. The DEFB103B gene encodes an antimicrobial agent that is produced by neutrophils and knockout of the mouse orthologue Defb14 results in increased BMD (47) . When considering the merit of QUS (which can easily be measured in very large numbers of individuals) versus DXA as a phenotype for genetic studies of osteoporosis, available data show that similar effect sizes on DXA have resulted in similar odds ratios on fracture risk (21) , therefore the power of QUS according to our data appears to be similar to that of DXA. The fracture meta-analysis identified significant associations for the variants rs7741021 (RSPO3) and rs2908007 (WNT16), both of which have been previously reported as associated with QUS parameters and fracture risk (24) . The RSPO3 gene encodes a Wnt signalling agonist and interestingly, like PPP1R3B, is also a blood lipid locus (48) . The WNT16 gene is a well-established bone locus and demonstrated the strongest associations with both BUA and VOS in this study, consistent with previous findings (24) . The variant rs2908007 is in moderate LD with the maximally associated variants at the WNT16 locus from the most recent large GWAS meta-analysis for BMD phenotypes, rs3779381 (femoral neck BMD, r 2 ¼ 0.53) and rs7807953 (lumbar spine BMD, r 2 ¼ 0.48) (22) . The product of the WNT16 gene is produced by osteoblast-lineage cells and activates both the canonical (b-catenin dependent) and non-canonical (b-catenin independent) Wnt signalling pathways to inhibit osteoclastogenesis both directly by acting on osteoclast progenitors and indirectly by stimulating increased expression of osteoprotegerin by osteoblasts (49) . We also identified nominally significant associations between the variants rs4869739 (CCDC170/ESR1) and rs597319 (TMEM135) and fracture risk. Variation in the ESR1 gene has been previously shown to be associated with fracture (50), however, as far as we are aware, this is the first study demonstrating associations between variation in the TMEM135 gene and fracture risk.
In conclusion, GWAS meta-analysis for QUS parameters of bone in a total of 16 627 individuals, the first to use a combination of WGS and deeply imputed genotype data for this phenotype, identified three novel loci as associated with the QUS parameter BUA at the genome-wide significance level in the gender-combined meta-analysis: 8p23.1 (PPP1R3B), 11q23.1 (LOC387810) and 22q11.21 (SEPT5). Gene-based association testing revealed two additional novel loci for BUA, one at FAM167A (8p23.1) in the gender-combined analysis and one at DEFB103B (8p23.1) in the male-specific analysis. We also demonstrated significant associations between variation in the RSPO3 and WNT16 genes and fracture risk.
Materials and Methods

Cohort descriptions
The discovery cohort used in this study was the TwinsUK WGS cohort, with the replication cohorts being the TwinsUK GWAS and EPIC cohorts.
TwinsUK
The TwinsUK WGS and TwinsUK GWAS cohorts are independent sample sets derived from TwinsUK, which is comprised of $12 000 monozygotic and dizygotic twins recruited without selection for any particular trait from St Thomas' UK Adult Twin Registry (TwinsUK) (www.twinsuk.ac.uk/). This cohort is from Northern European/UK ancestry and has been shown to be representative of singleton populations and the UK population in general (51) . The individuals in the TwinsUK WGS cohort are all unrelated, whereas the TwinsUK GWAS cohort contains related individuals. Any individuals in the TwinsUK GWAS subset who were related to individuals in the TwinsUK WGS group were removed prior to the analysis. Medical history and lifestyle-factor data were obtained using detailed health questionnaires, including a fracture history (any fracture since 16 years of age). Individuals suffering from rheumatoid arthritis, on oral steroid medication or having had surgical oophorectomy were excluded from the study. Genomic DNA was extracted from whole blood samples obtained for the majority of the cohort at the time of the study visit. QUS measurements were obtained at the left heel using a McCue CUBA Clinical scanner (McCue Ultrasonics, Hampshire, UK). All study participants provided written, informed consent and the research was approved by the Guy's and St Thomas' Hospital Research Ethics Committee.
European prospective investigation into cancer and nutrition study
The EPIC cohort is part of a large multi-centre population-based study made up of 30 000 men and women aged between 40 and 79 years at baseline from Norfolk, UK. The participants have predominantly Northern European/UK ancestry and were recruited from general practice registers between 1993 and 1997. A second clinic visit was performed for $15 000 of the participants between 1997 and 2000, during which ultrasound measurements of the left and right calcaneum were obtained, with the mean of these measurements used for analysis (52) . QUS measurements were obtained using a McCue CUBA Clinical scanner (McCue Ultrasonics, Hampshire, UK) and a fracture history was obtained for each subject (any fracture excluding those of the skull, fingers or toes). All participants gave signed informed consent and The Norwich District Health Authority Ethics Committee approved the study.
WGS data generation
Generation of the WGS data for the TwinsUK WGS cohort was performed as part of the UK10K project and has been described previously (53) . Briefly, low-read depth WGS was performed in 1990 women from the TwinsUK cohort at the Wellcome Trust Sanger Institute and the Beijing Genomics Institute. Sequencing reads were aligned to the GRCh37 human reference used in Phase 1 of the 1000GP (54) . Calling of single nucleotide variants and small insertion/deletions was made using samtools/ bcftools (version 0.1.18-r579) (55) . SHAPEIT2 (56) was used to rephase the genotype data. Multi-allelic variants and those with an MAF <0.0002 were removed. Any variants showing sequencing centre batch effects were also removed along with any that were not in Hardy-Weinberg equilibrium (P < 1 Â 10 À6 ). Related individuals, those that failed a gender check and those from non-European ancestry were removed.
GWAS genotyping and imputation
A total of 1610 samples were selected for inclusion in the TwinsUK GWAS cohort. These individuals were unrelated to those in the WGS cohort and had been genotyped using the Illumina HumanHap300, HumanHap610Q, 1M-Duo or 1.2M-Duo arrays as described previously (57, 58) . Genotype imputation was performed using the combined UK10K/1000GP Phase 1 reference panels as described previously (53) . Briefly, quality control criteria that were applied to the TwinsUK GWAS cohort included gender check, heterozygosity and zygosity checks. Individuals from non-European ancestry were excluded. SHAPEIT2 (56) was used to re-phase the haplotypes by 3 MB chunks with 250 KB buffering regions. Imputation was then performed on the same chunks using IMPUTE2 (59) . Imputed variants with an info score <0.4 or Hardy Weinberg P < 1 Â 10 À6 were excluded.
Genotyping in the EPIC cohort was performed using the UK Biobank Axiom Array in conjunction with the Axiom GT1 genotype calling algorithm. Samples with a call rate <97% were excluded, as were any that failed heterozygosity or gender testing. Variants with a call rate <95% or Hardy-Weinberg P < 1 Â 10 À8 were excluded. Genotype imputation was performed using the IMPUTE2 software (59) in conjunction with the 1000GP Phase 3 reference panel, which has been shown to capture >99% of SNPs with a frequency >0.01 for a variety of ancestries (60) .
Statistical analysis
Standardized residuals were generated for the BUA and VOS phenotype data within each cohort for each gender separately using the covariates age, age 2 , height and weight. The EPIC cohort was also adjusted for principal components at this time to control for population stratification. Each set of standardised residuals had a mean of 0 and variance of 1. Outliers were identified (63 standard deviations from the mean) and removed. Only variants with an MAF !0.005 within each cohort were included in the analysis. Assessment of the correlation between BUA and VOS was performed on the standardised residuals using Spearman's rank correlation coefficient. Association analysis in the TwinsUK WGS and EPIC cohorts was performed using SNPTEST v2 (61) , whereas analysis in the TwinsUK GWAS cohort was performed using Genome-wide Efficient Mixed Model Association (GEMMA) (62) , which controls for relatedness within the cohort. Meta-analysis of the results from the different cohorts was performed using the Genome-Wide Association Meta-Analysis software package (63)-a fixed effects model was applied, combining estimates of the allelic effect size and standard error from each cohort. Analysis of the phenotypic variance attributable to the genome-wide significant loci was performed in each cohort separately using the Genome-wide Complex Trait Analysis (GCTA) software package (64) . Metaanalysis of the results from the three cohorts was performed using a linear mixed-effects model. Conditional analyses were performed on the meta-analysis results for selected loci using GCTA (64) . All variants in the region were conditioned on the maximally associated variant using LD data from the TwinsUK WGS cohort. Genome-wide significant and suggestive thresholds for the single-point analyses were set at 5 Â 10 À8 and 5 Â 10
À7
, respectively. It should be noted that this genome-wide significant threshold, although being the most commonly used for GWAS, is on the liberal end of the spectrum for deeply imputed genotype data. Therefore any genome-wide significant associations located close to this threshold should be interpreted with caution and likely need further replication to ensure they are correct. Any variants identified as associated with QUS parameters at the genome-wide significance level in the gender-combined analysis were tested for association with fracture rate. Fracture analysis for individual variants was performed in the TwinsUK WGS and GWAS cohorts using logistic regression adjusted for age, age 2 , gender, height and weight (SPSS Statistics 22) . Fracture analysis in the EPIC cohort was performed using a binary model in SNPTEST v2 adjusted for the covariates age, age 2 , gender, height, weight and principal components. Meta-analysis of the fracture odds ratios from each cohort was performed using the 'metagen' function in the "meta" package in R v3.1.2 using a fixed effects model. Correction for multiple testing in the fracture analysis was performed according to the Bonferroni method.
Gene-based (650 kb) tests of association with BUA and VOS were performed on the GWAS results for each cohort separately using the VEGAS2 software (28), which assigns variants to genes and calculates gene-based empirical association P-values while accounting for the LD structure within the gene. Meta-analysis of the results from the three cohorts was performed using the weighted Z-test method (65) . A genome-wide Bonferroni-corrected significance threshold of 1.95 Â 10 À6 for 25 579 gene tests was used, with suggestive significance set at 1 Â 10
À5
. Any gene regions identified as associated with QUS parameters at the genome-wide significance level in the gender-combined analysis were tested for association with fracture rate. For this, all variants within each gene region (50 kb) were tested for association with fracture rate while adjusting for the covariates age, age 2 , gender, height and weight (principal components also included as covariates for the EPIC cohort) using either SNPTEST v2 (TwinsUK WGS and EPIC cohorts) or GEMMA (TwinsUK GWAS cohort). Gene-based tests of association were then performed using the VEGAS2 software (28) , with meta-analysis of the results performed using the weighted Z-test method (65) . Correction for multiple testing in the gene-based fracture analysis was performed using the Bonferroni method.
Bioinformatics analysis
Analysis of the LD surrounding variants of interest was performed using LDlink (1000GP Phase 3 EUR population) (66) and HaploReg v4.1 (67) . Prediction of histone marks, DNAse hypersensitivity sites and expression quantitative trait locus associations was performed using HaploReg v4.1 (67) and genomic evolutionary rate profiling scores were obtained using genome-wide annotation of variants (GWAVA) (68) .
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